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About models in physics

From William Thomson, Lord Kelvin ' Q“ "
1824 — 1907
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| can never satisfy myself until | can make a mechanical model of a thing. If I can make a
mechanical model, | can understand it. As long as | cannot make a mechanical model all the
way through | cannot understand.

Can you measure it? Can you express it in figures? Can you make a model of it? If not, your
theory is apt to be based more upon imagination than upon knowledge.

https://crev.info/scientists/william-thomson-lord-kelvin/



The 5 layers of numerical modeling

Models before computers

>

Appearences

The world in which you describe phenomenas

Obseravtions, measures, experiments

~

-

Theories
In physics, chemistry, biology, chemistry

N

a

équations
Mathematical translation of theories
Solutions of the equations can be compared with

8

observations and used for prediction

~
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Many mathematical models exists the
solutions of which were impossible to
compute before the arrival of computers
except in very simple cases

Numerical simulations can be compared
with observations and used for prediction



Models before computers
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Appearences
Storms , trade winds, seasonal cycle of temperature
and rainfall, global warming, pollutant dispersion...
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Theories
Fluid mechanics, thermodynamics material-radiation
Interaction, radiative transfer, turbulence
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Numerics
Grid point or spectral methods, finite
differences/volumes, conservation and
accuracy issues

Computers
Algorithmes, boucles, langages, optimisation,
adaptation aux calculateurs, post-traitements
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About models in climate sciences

A specific context :

- Predict the unique climate evolution from the present day climate

- Complex system, some laws of which are not known a priori (climate feedbacks)
— System sensitive to initial conditions (chaos, strange attractor, etc ...)

Various approaches in terms of modeling :

— Simple models, developed to explore a particular mechanism or process (Lorentz
model, 1D models of radiative/convective equilibrium, ...)

— Fine grid simulations of cloud processes (LES)

— General circulation models

3D modeling which will be discussed here : General circulation models
— Pursuit of a kind of exaustivity

— Pursuit of « realism »

— Built on physical principles

General philosophy (Charney 1950)
work with incomplete and imperfect tools and improve them step by step



General circulation models : elements of history

Physics theories known from the XIXst century, but impossible to
compute solutions relevant for the atmosphere

1950-1960 : first computers ; first models for weather forecast
1960-1970 : first climate models
1970-1980 : first models coupling atmosphere and oceans

1979 : First simulations predicting global warming.
Charney’s report (US)

1988 : Creation of IPCC whose assessment reports rely on a large
part of projections with global climate models coordinated in the
Coupled Model Inter-comparison Projects, CMIP



General circulation model : fluid dynamics

Dynamical core : primitive equations discretized on the sphere

Mass conservation

Do/Dt + pdivU = 0

Potential temperature conservation

DO /Dt =0

Momentum conservation

DU/Dt + (1/p) gradp - g +2 2 "U=0
Secondary components conservation
Dg/Dt =0

Primitive equations of meteorology

— Thin layer approximation

— Hydrostatic approximation (valid down to 10-20 km)

— General enough to be used for other planetary atmospheres

From physics to humerics :

— Grid point or spectral models

— Explicit resolution down to 20-300 km depending of the configuration

— Numerical conservation of important quantities (mass, water, enstrophy ...).



Il. General circulation models
5= Dynamical core : primitive equations discretized on the sphere

Mass conservation

Do/Dt + pdivU = 0

Potential temperature conservation

D6 /Dt = Q/Cp (po/p)«

Momentum conservation

DU/Dt + (1/p) gradp-g +2 Q2 "U= F
Secondary components conservation
Dq/Dt




Il. General circulation models
namical core : primitive equations discretized on the sphere

Mass conservation

Do/Dt + pdivU = 0

" Potential temperature conservation

DO /Dt = Q/Cp (polp)x

Momentum conservation

DU/Dt + (1/p) gradp - g +2 Q2 "U= F
" Secondary components conservation
Dq/Dt = Sq

Parameterizations purpose : account for the effect of processes non resolved by the dynamical core
- Traditional « source » terms in the equations

* Q : Heating by radiative exchanges, thermal conduction (neglected), condensation, sublimation,
subgrid-scale motions (turbulence, clouds, convection)

* FE : Molecular viscosity (neglected), subgrid-scale motions (turbulence, clouds, convection)

* Sq : condensation/sublimation (q= water vapor or condensed), chemical reactions, photo-
dissociation (ozone, chemical species), micro physics and scavenging (pollution aerosols,
dust, ...), subgrid-scale motions (turbulence, clouds, convection)



Il. General circulation models Parameterizations : principles

* Compute the average effect of unresolved processes on the global model state
variables (U, 0, q)

* Based on a description of the approximate collective behavior of processes

* Involve additional parameterization internal variables (cloud characteristics,
standard deviation of the sub-grid scale distribution of a variable, ...)

* Derive equations relating internal variables to the state variables
U, 0, q at time t — internal variables = F, O, Sg = U, 0, q at t+0t

* Homogeneity hypothesis (statistical) on the horizontal of the targeted processes
(like in the plane-parallel approximation of radiative transfer)
— ]-dimensional equations in z (vertical exchanges only)
—> Independent atmospheric column

Inside an « atmospheric column » ...
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Il. General circulation models 500
Example of sub-grid scale process : sub-arid scale mountains

1600

- The averaged surface height is taken into account
as a boundary condition at the IOM
— This averaged height does not take into account the .-
barrier effect associated with the highest mountains.
— Simple example of a parameterization of this

aspect : introduction of a drag in the first atmospheric
layers
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In state-of-the-art models :

— Injection of gravity waves

— bypassing (contournement) effects

— stability (conditioning the ability of the air to flow over a mountain)



Il. General circulation models

Within a column of the atmospheric model ...

WX O¢

* Small scale random motions (gusts)

* Important close to the surface(1-3 km) in the boundary
layer (during a plane takeoff).

*Source : drag on obstacles + heating by the surface

* Responsible for vertical mixing of atmospheric
constituents.

 Stable atmosphere — weak turbulence — %ollution
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Il. General circulation models

Within a column of the atmospheric model ...

WX O¢

— « turbulent mixing» or turbulent diffusion
Transport by small random motions.
Analogous to molecular diffusion

Turbulence parameterization

. 0,, 0
Dg/Dt =Sqg  with  5¢ =—( K 4

|

07 072
— Prandtl mixing length : K =] ‘W|
[ : Caracteristic mixing length ¢
w : Caracterisitc velocity
— Turbulent kinetic energy : K ; =l \E
o o Sy a2 De/Dt = f (dU/dz, dVdz,e,...)
S — Dl/dt= ... e
Same models are used in ingineering sciences A world by itself

Similarity — Tests a des échelles différentes en laboratoire



Il. General circulation models
Representation of clouds

q : water vapor concentration

@sat : Maximum concentration at saturation
If g> gsat:

— water condenses = clouds

q and gsat are known at the grid scale

— What is the fractional coverage ?

Plq) |

Plq) |

Plaq) |

qsat q,

Simple parameterization : gaussian with o/ g =20%

Uy 0

« all or nothing » model :
If g> gsat cloudy grid cell, else clear sky

g < (sat
g~ (sat

Y

« Satistical » cloud scheme :

We assume a subgrid-scale distribution of
q' in the grid cell centered on g




Il. General circulation models « all or nothing » model :
Representation of clouds If > gsat cloudy grid cell, else clear sky

q : water vapor concentration

@sat : Maximum concentration at saturation
If g> gsat:

— water condenses = clouds

q and gsat are known at the grid scale

— What is the fractional coverage ? < e >

g < (sat
g -~ ({sat

W 0c

« Satistical » cloud scheme :

P(q)} We assume a subgrid-scale distribution of
q' in the grid cell centered on g
L&)
l
\4
A Ygat q s
PQ) | > q < Qsat
3|
A Ly
< < 2010 >
A Agat a’ or
P(q)
N
5" —
=~
3
9 qsat q’ A 4
Simple parameterization : gaussian with o/ q = 20% < 200 km >



Il. General circulation models

Before computers

In the world of numerical models

4 N

Apearances :
Meteorology, climate, atmospheric composition
Theories :
Fluid mechanics, Gas/radiation interaction, Thermodynamics, Chemistry
Mathematics
Primitive equations, Thermodynamical laws, Radiative transfer equations
Numerics
Grid point discretization, spectral methods, Finite volume and finite differences
conservation, robustness and efficiency, rather than accuracy
Computers

Dynamical core :
Well established equations. Work on approximations, numerics, HPC

Based on combinations of theories, heuristic approaches, and conservation laws.
Many ways possible. Strong diversity across models

General comments :

- Modeling concerns all the layers. Lot of expertises required and shared.
- Be aware of the layer in which you are working, or at which transition between layers.
- Do not forget that your goal is to explain things in the first layer

\Fortran/Linux, High Performance Computing, Flexibility/Multi-configuration, post-processing

>

Dynamcial core

-

16



lll. Climate system modeling

Low clouds simulated with LMDZ with a global 50km resolution grid
Januarv
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‘ ‘ Meteosat observation of clouds
lll. Climate system modeling

Low clouds simulated with LMDZ with
a global 50km resolution grid
January
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lll. Climate system modeling

Climate modeling Numerical Weather Forecast
Models |ldentical (more couplings) Identical (higher resolution)
Initial state | any “analysis” obtained form an “assimilation”
of observations within a model.
Simulation | decades to centuries 15 days (Seasonal forecast in between)
length
statistical (ex : mean deterministic (the weather tomorrow at a
Prediction | temperature, internal variability given location)
of precipitation, heat waves)
Strange attractor = climate




lll. Climate system modeling

Climate modeling Numerical Weather Forecast
Models |ldentical (more couplings) Identical (higher resolution)
Initial state | any “analysis” obtained form an “assimilation”
of observations within a model.
Simulation | decades to centuries 15 days (Seasonal forecast in between)
length
statistical (ex : mean deterministic (the weather tomorrow at a
Prediction | temperature, internal variability given location)
of precipitation, heat waves)
Strange attractor = climate
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Nevers, simulation de controle
Nevers, état initial perturbé

Ouagadougou, simulation de contréle
Ouagadougou, état initial perturbé

modéle LMDZ : © Fairhead/ Hourdin/ LMD/ CNRS

2 simulations d’un an réalisées avec le modele LMDZ en perturbant aléatoirement I'état initial de la
tempeérature avec un bruit d’amplitude 0.1

Tiré d’'un chapitre de I'encyclopédie Universalis sur la 5« Modélisation du climat »
Hourdin et Guillemot (2021)
https://web.Imd.jussieu.fr/~hourdin/PUBLIS/HourdinGuillemotUniversalis.pdf


https://web.lmd.jussieu.fr/~hourdin/PUBLIS/HourdinGuillemotUniversalis.pdf

lll. Climate system modeling

Evolution des températures estivales enFrance JJA
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lll. Climate system modeling

Evolution des températures estivales enFrance JJA
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lll. Climate system modeling

Evolution des températures estivales enFrance JJA
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lll. Climate system modeling

Evolution des températures estivales enFrance JJA
28

* Observation
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— AVEC ... une autre histoire
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lll. Climate system modeling

Evolution des températures estivales enFrance JJA
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lll. Climate system modeling

Climate : the world of appearances

<——=> Echanges d'énergie Chaleur GOz, CHa, O3 ;;\'T‘/‘)\l\
= Echanges d'eau 3 1mois - 102 ans
— Echanges de carbone Atmospheare -~ IL
1 jour - 10 ans
1 mois - 10 ans \\ I
Calottes J"XS{\ poih )
103 -106 ans @ - — Srthr
1 mois — 10 ans = "'i = Biosphere
Chaleur 1 mois - 100 ans
Lithosphere Gcean e Source: S. Joussaume, 2000
104 -109 ans i -
FPole Equateur
Changes in the Atmospheaere: Changes in the
Composition, Girculation Hydrological Cycle

Changes in
Solar Inputs
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Nz, Og, Ar, Volcanic Activity L
HoO, T CHy MO, Oy, et
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Atmosphere-Biosphers
Interaction
Atmospharae-lce Pracipitatien
Interaction Ewvaporalicmn \\

Tarrastrial
Heaan W FHewdtiation B lce: s_r:g.g_n_
Exchanges irecl ——

S .
THe Human Iinfluences

— Land-
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Interaction

Soil-Biosphere
Intaraction

| Land Surface |

¥
Hydrosphere: Cryosphere: .
Rivers & Lakoas * Sea lce, lce Sheets, Glaciers
Changes in the Ocean: Changes infon the Land Surface:
Circulation, Sea Level, Biogeochemistry Orography, Land Use, Wegetation, Ecosystems

Source: GIEC, 2001

A complex system



lll. Climate system modeling

Climate modeling : splitting in sub-systems

Tropospheric
chemistry
Atmosphere
Sea ice *
Ocean % Vegetationl Soil

‘ Oceanic
1 1StrV

14




lll. Climate system modeling
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Priority given to model complexification

Motivated by long term climate variations and CO2

carbons
Cycle carban nilrogen
=
Easier to promote new components than - oy
improvements of « as usual business » ) e e e

Not much improvemgnt on model physics while :
— strong biases persist

— atmospheric physics (in particular clouds) are of
first order for climate sensitivity to greenhouse gases
— all the other components depend crucially on the
good representation of atmospheric physics
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NUM module MOCIS/WAPE
Part | (January) : work on numerical and physical aspects of the advection/diffusion equation

Coupling with composition : chemistry, aerosols, grenhouse gases
Conservation/transport equation : same for all transported species.
Shared by climate system models, pollution models, oceanic composition.

04 0q;, . 0¢,
otV =g K 145

AdVECthIl / Sources / Sinks
Turbulent diffusion

During practical work, work on this equations, assuming that the atmospheric
dynamics is known (V and Kz). The problem is then linear in q.

We will explore numerical issues in this case.

Developing all the codes by yourself in Fortan

Part Il (February) : « mini projets »
Atmospheric physics and dynamics with the LMDZ climate model
Oceanic physics and dynamic with the Nemo oceanic model
Numerical and dynamical issues in geophysical fluid dynamics



Transport

Simultion of the dispersion of a pollutant emited
in french Britany (ETEX field campaing experiment)
Simulation de la dispersion d'un polluant émis

evaluation :
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Summary

Circulation/transport atmospheric/oceanic models :

— models (set of equations + numerical formulation and coding) which aim at simulating the
space time evolution of the system.

- The very same models are used for weather forecast and climate, but in very different
operating modes.

— 2 parts : explicit resolution down to a given scale (= a few grid cells) / parameterization of
sub-grid scale processes.

— For the explicit part : equation are relatively well established, and questions are more on the
numerical and coding aspects.

— For parameterizations, establishing the equations them selves one main issue of the
research.

Climate system models (often called Erth System Models)

— General circulation models include more and more physical processes : chemistry, aerosol
micro physics, evolving vegetation, ...

— Splitting in sub-systems allows teams to develop and asses independent specific models.

— The system that couples the sub-systems requires specific development and evaluation.

Practical work :
— Developing a simplified advection / diffusion model. From scratch. Fortran.

For those who are not familiar with Fortran, please go through
http:/lwww.Imd.jussieu.fr/I~hourdin/ COURS/FORTRAN/Fortran.pdf


http://www.lmd.jussieu.fr/~hourdin/COURS/FORTRAN/Fortran.pdf
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Measurements at (T0+3h) Simulation at (T0+3h)





Evolution des températures estivales enFrance JJA

* Observation
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—— AVEC ... une autre histoire
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Evolution des températures estivales enFrance JJA

* Observation
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Evolution des températures estivales enFrance JJA

* Observation
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Evolution des températures estivales enFrance JJA
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modele LMDZ : © Fairhead/ Hourdin/ LMD/ CNRS
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Evolution des températures estivales enFrance JJA
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Principles of climate modeling



Frédéric Hourdin, climate physicist

Laboratoire de Météorologie Dynamique, Institut Pierre Simon Laplace

frederic.hourdin@lmd.ipsl.fr

http://www.lmd.jussieu.fr/~hourdin/COURS/M2



I.  Context and principles

→ Numerical modeling

→ Climate change context

→ Basis of climate modeling



II. General circulation models

→ Primitive equations

→ Parameterizations



III. Climate system modeling

→ Numerical weather forecast versus climate

→ Splitting into sub-systems

→ Advection/Diffusion 











https://crev.info/scientists/william-thomson-lord-kelvin/



About models in physics















From William Thomson, Lord Kelvin

1824 – 1907



I can never satisfy myself until I can make a mechanical model of a thing. If I can make a mechanical model, I can understand it. As long as I cannot make a mechanical model all the way through I cannot understand.

Can you measure it? Can you express it in figures? Can you make a model of it? If not, your theory is apt to be based more upon imagination than upon knowledge.



















Models before computers





équations

 Mathematical translation of theories

Solutions of the equations can be compared with observations and used for prediction 

 





Theories

In physics, chemistry, biology, chemistry





Numerics

Translation into equations that can be implemented in computers (in particular finite dimension). Sill “on paper”





Computers

Algorithmes, boucles, langages, optimisation, adaptation aux calculateurs, post-traitements

The world of numerical simulations





Appearences

The world in which you describe phenomenas

Obseravtions, measures, experiments



The 5 layers of numerical modeling





Many mathematical models exists the solutions of which were impossible to compute before the arrival of computers except in very simple cases





Numerical simulations can be compared with observations and used for prediction 



















Models before computers





équations

Mathematical translation of theories  Navier-Stokes

Radiative tranfer

Turbulent diffusion





Theories

Fluid mechanics, thermodynamics material-radiation interaction, radiative transfer, turbulence





Numerics

Grid point or spectral methods, finite differences/volumes, conservation and accuracy issues





Computers

Algorithmes, boucles, langages, optimisation, adaptation aux calculateurs, post-traitements









Appearences

Storms , trade winds, seasonal cycle of temperature and rainfall, global warming, pollutant dispersion...



The 5 layers of numerical modeling













































The world of numerical simulations













Model layer 3

 2





A specific context : 

→ Predict the unique climate evolution from the present day climate

→ Complex system, some laws of which are not known a priori (climate feedbacks)

→ System sensitive to initial conditions (chaos, strange attractor, etc ...)



Various approaches in terms of modeling  : 

→  Simple models, developed to explore a particular mechanism or process (Lorentz model, 1D models of radiative/convective equilibrium, …)

→  Fine grid simulations of cloud processes (LES)

→  General circulation models



3D modeling which will be discussed here : General circulation models

→ Pursuit of a kind of exaustivity

→ Pursuit of  «  realism »

→ Built on physical principles



General philosophy (Charney 1950) :

work with incomplete and imperfect tools and improve them step by step











About models in climate sciences





Physics theories known from the XIXst century, but impossible to compute solutions relevant for the atmosphere



1950-1960 : first computers ; first models for weather forecast 



1960-1970 : first climate models



1970-1980 : first models coupling atmosphere and oceans



1979 : First simulations predicting global warming.

 Charney’s report (US) 



1988 : Creation of IPCC whose assessment reports rely on a large part of projections with global climate models coordinated in the Coupled Model Inter-comparison Projects, CMIP 



General circulation models : elements of history





Primitive equations of meteorology

→ Thin layer approximation

→ Hydrostatic approximation (valid down to 10-20 km)

→ General enough to be used for other planetary atmospheres



From physics to numerics :

→ Grid point or spectral models

→ Explicit resolution down to 20-300 km depending of the configuration

→ Numerical conservation of important quantities (mass, water, enstrophy ...).

 

















Dynamical core : primitive equations discretized on the sphere





		Mass conservation





	D/Dt +  divU  =  0	

		Potential temperature conservation





 Dq / Dt  =  0

		Momentum conservation





	DU/Dt + (1/) gradp - g + 2 U = 0

		Secondary components conservation





	Dq/Dt   = 0



General circulation model : fluid dynamics 



General circulation model : fluid dynamics 
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Dynamical core : primitive equations discretized on the sphere







		Mass conservation





	D/Dt +  divU  =  0	

		Potential temperature conservation





 Dq / Dt  =  Q / Cp  (p0/p)k

		Momentum conservation





	DU/Dt + (1/) gradp - g + 2 U =  F

		Secondary components conservation





	Dq/Dt   = Sq



II. General circulation models









Parameterizations purpose : account for the effect of processes non resolved by the dynamical core

 → Traditional « source » terms in the equations



		Q : Heating by radiative exchanges, thermal conduction (neglected), condensation, sublimation, subgrid-scale motions (turbulence, clouds, convection)



		F : Molecular viscosity (neglected), subgrid-scale motions (turbulence, clouds, convection)



		Sq : condensation/sublimation (q= water vapor or condensed), chemical reactions, photo-dissociation (ozone, chemical species), micro physics and scavenging (pollution aerosols, dust, ...), subgrid-scale motions (turbulence, clouds, convection)







Dynamical core : primitive equations discretized on the sphere







		Mass conservation





	D/Dt +  divU  =  0	

		Potential temperature conservation





 Dq / Dt  =  Q / Cp  (p0/p)k

		Momentum conservation





	DU/Dt + (1/) gradp - g + 2 U =  F

		Secondary components conservation





	Dq/Dt   = Sq



II. General circulation models
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Inside an « atmospheric column » ...‏

?
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Parameterizations : principles



		 Compute the average effect of unresolved processes on the global model state variables (U, q, q) 







		 Based on a description of the approximate collective behavior of processes





 

		 Involve additional parameterization internal variables (cloud characteristics, standard deviation of the sub-grid scale distribution of a variable, …)







		 Derive equations relating internal variables to the state variables 





U, q, q at time t  → internal variables → F, Q, Sq → U, q, q  at t+dt



		 Homogeneity hypothesis (statistical) on the horizontal of the targeted processes (like in the plane-parallel approximation of radiative transfer)

→ 1-dimensional equations in z (vertical exchanges only)

→ Independent atmospheric column





 









II. General circulation models









Example of sub-grid scale process : sub-grid scale mountains



→ The averaged surface height is taken into account as a boundary condition at the lower boundary

→ This averaged height does not take into account the barrier effect associated with the highest mountains.

→ Simple example of a parameterization of this aspect : introduction of a drag in the first atmospheric layers
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DU/Dt + (1/) gradp - g + 2 U =  F

F = -a (z) U



In state-of-the-art models :

→ Injection of gravity waves

→ bypassing (contournement) effects

→ stability (conditioning the ability of the air to flow over a mountain)  

...









Relief



Relief

moyen







Altitude (m)



II. General circulation models
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		 Small scale random motions (gusts)







		 Important close to the surface(1-3 km) in the boundary layer (during a plane takeoff).





		Source : drag on obstacles + heating by the surface







		 Responsible for vertical mixing of atmospheric constituents.







		 Stable atmosphère → weak turbulence → pollution



























































































la turbulence 







































































































II. General circulation models



Within a column of the atmospheric model ...



Alors, en deux mots, pourquoi vouloir réprésenter le transport atmosphérique de polluants dans les modèles globaux.



Il y a d'abord bien sur la problématique du climat et, en particulier, du changement climatique sous l'effet de l'augmentation des gaz à effet de serre.

La connaissance de l'évolution de la composition de l'atmosphère constitue encore une part importante de l'incertitude sur l'amplitude du changement climatique.



Pour illustration, je montre ici des résultats obtenus tout récemment avec le modèle couplé océan-atmosphère que nous avons développé ces dernières années à l'IPSL.

La courbe noire montre l'évolution observée de la température moyenne à la surface du globe au cours du Xxe sciecle. La courbe rouge montre une simulation ou on ne prend en compte que l'augmentation des gaz à effet de serre et la courbe verte montre  des résultats prenant en compte l'effet de de l'évolution des aérosols. 



Les processus de transport sont également très important pour la sensibilité climatique elle-meme, que ce soit au travers des rétroactions vapeur et nuages.





























→ « turbulent mixing» or turbulent diffusion

Transport by small random motions.

Analogous to molecular diffusion



→ Prandtl mixing length :

l : Caracteristic mixing length

w : Caracterisitc velocity
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Within a column of the atmospheric model ...

Turbulence parameterization



Dq/Dt  = Sq



with  Sq



q



→ Turbulent kinetic energy :‏

De/Dt = f (dU/dz, dq/dz,e,...)

Dl/dt= ...



Same models are used in ingineering sciences

Similarity → Tests à des échelles différentes en laboratoire







A world by itself







































































































II. General circulation models





Alors, en deux mots, pourquoi vouloir réprésenter le transport atmosphérique de polluants dans les modèles globaux.



Il y a d'abord bien sur la problématique du climat et, en particulier, du changement climatique sous l'effet de l'augmentation des gaz à effet de serre.

La connaissance de l'évolution de la composition de l'atmosphère constitue encore une part importante de l'incertitude sur l'amplitude du changement climatique.



Pour illustration, je montre ici des résultats obtenus tout récemment avec le modèle couplé océan-atmosphère que nous avons développé ces dernières années à l'IPSL.

La courbe noire montre l'évolution observée de la température moyenne à la surface du globe au cours du Xxe sciecle. La courbe rouge montre une simulation ou on ne prend en compte que l'augmentation des gaz à effet de serre et la courbe verte montre  des résultats prenant en compte l'effet de de l'évolution des aérosols. 



Les processus de transport sont également très important pour la sensibilité climatique elle-meme, que ce soit au travers des rétroactions vapeur et nuages.













200 km



20 km

















Representation of clouds



« all or nothing » model :

If q> qsat  cloudy grid cell, else clear sky



 q < qsat



 q > qsat
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20 km

















 q < qsat





« Satistical » cloud scheme :

We assume a subgrid-scale distribution of

q' in the grid cell centered on q





q : water vapor concentration

qsat : maximum concentration at saturation

If  q > qsat :  

→ water condenses = clouds

q and qsat are known at the grid scale

→ What is the fractional coverage ?











Simple parameterization : gaussian with s / q = 20%



II. General circulation models
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Representation of clouds



« all or nothing » model :

If q> qsat  cloudy grid cell, else clear sky



 q < qsat



 q > qsat
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 q < qsat





« Satistical » cloud scheme :

We assume a subgrid-scale distribution of

q' in the grid cell centered on q





q : water vapor concentration

qsat : maximum concentration at saturation

If  q > qsat :  

→ water condenses = clouds

q and qsat are known at the grid scale

→ What is the fractional coverage ?











Simple parameterization : gaussian with s / q = 20%

































200 km



20 km

















or



II. General circulation models









In the world of numerical models



Apearances : 

Meteorology, climate, atmospheric composition

Theories : 

Fluid mechanics, Gas/radiation interaction, Thermodynamics, Chemistry

Mathematics

Primitive equations, Thermodynamical laws, Radiative transfer equations

Numerics

Grid point discretization, spectral methods, Finite volume and finite differences

conservation, robustness and efficiency, rather than accuracy

Computers

Fortran/Linux, High Performance Computing, Flexibility/Multi-configuration, post-processing

 

Dynamical core :

Well established equations. Work on approximations, numerics, HPC



Parameterizations :

Based on combinations of theories, heuristic approaches, and conservation laws.

Many ways possible. Strong diversity across models



General comments :

- Modeling concerns all the layers. Lot of expertises required and shared.

- Be aware of the layer in which you are working, or at which transition between layers.

- Do not forget that your goal is to explain things in the first layer

















Dynamcial core





parameterizations





Before computers



II. General circulation models





Low clouds simulated with LMDZ with a global 50km resolution grid

January



III. Climate system modeling











Low clouds simulated with LMDZ with 

a global 50km resolution grid

January



Meteosat observation of clouds



III. Climate system modeling









				Climate modeling

		Numerical Weather Forecast



		Models

		Identical (more couplings)

		Identical (higher resolution)



		Initial state

		any

		“analysis” obtained form an “assimilation” of observations within a model.



		Simulation length

		decades to centuries

		15 days (Seasonal forecast in between)



		

Prediction

		statistical (ex : mean temperature, internal variability of precipitation, heat waves)

Strange attractor = climate

		deterministic (the weather tomorrow at a given location)

























III. Climate system modeling









				Climate modeling

		Numerical Weather Forecast



		Models

		Identical (more couplings)

		Identical (higher resolution)



		Initial state

		any

		“analysis” obtained form an “assimilation” of observations within a model.



		Simulation length

		decades to centuries

		15 days (Seasonal forecast in between)



		

Prediction

		statistical (ex : mean temperature, internal variability of precipitation, heat waves)

Strange attractor = climate

		deterministic (the weather tomorrow at a given location)

























III. Climate system modeling





Hourdin, F.Guillemot, Modélisation du climat, Encyclopédie Universalis





2 simulations d’un an réalisées avec le modèle LMDZ en perturbant aléatoirement l’état initial de la température avec un bruit d’amplitude 0.1 



Tiré d’un chapitre de l’encyclopédie Universalis sur la  5« Modélisation du climat »

Hourdin et Guillemot (2021)

https://web.lmd.jussieu.fr/~hourdin/PUBLIS/HourdinGuillemotUniversalis.pdf 







III. Climate system modeling







III. Climate system modeling







III. Climate system modeling







III. Climate system modeling







III. Climate system modeling







Climate : the world of appearances







Source: S. Joussaume, 2000



Source: GIEC, 2001



A complex system



III. Climate system modeling





Climate modeling : splitting in sub-systems

















Vegetation



Soil



hy



Ocean



Atmosphere



Tropospheric

chemistry





Sea ice



Oceanic biochemistry

















III. Climate system modeling







Priority given to model complexification



Motivated by long term climate variations and CO2 cycle



Easier to promote new components than improvements of « as usual business »



Not much improvement on model physics while :

→ strong biases persist

→ atmospheric physics (in particular clouds) are of first order for climate sensitivity to greenhouse gases

→ all the other components depend crucially on the good representation of atmospheric physics





III. Climate system modeling





Coupling with composition : chemistry, aerosols, grenhouse gases

Conservation/transport equation : same for all transported species.

Shared by climate system models, pollution models, oceanic composition.



















During practical work, work on this equations, assuming that the atmospheric dynamics is known (V and Kz). The problem is then linear in q.

We will explore numerical issues in this case.

Developing all the codes by yourself in Fortan



Advection



Turbulent diffusion



Sources / Sinks









NUM module MOCIS/WAPE



Part I (January) : work on numerical and physical aspects of the advection/diffusion equation 



Part I (January) : work on numerical and physical aspects of the advection/diffusion equation 







Part II (February) : « mini projets »



Atmospheric physics and dynamics with the LMDZ climate model

Oceanic physics and dynamic with the Nemo oceanic model

Numerical and dynamical issues in geophysical fluid dynamics









Transport evaluation :

Simultion of the dispersion of a pollutant emited

in french Britany (ETEX field campaing experiment)

Simulation de la dispersion d'un polluant émis

LMDZ model with streched grid and nuging by analysis



Plus en détail, l'ensemble des équations s'écrit de la façon suivante

On a rajouté un terme source ou puits linéaire lambda c.

Le transport sous-maille est séparé en deux partie : un flux turbulent Fdiff pour la couche limite planétaire et un flux Fconv pour la convection nuageuse.

La version la plus simple du transport de couche limite est basée sur une approche en diffusion tubulente, construite par analogie avec la diffusion moléculaire. Dans un environnement par exemple ou c croit verticalement, des petites fluctuations turbulentes auront tendance à produire des exces de traceurs dans les branches descendantes et des deficits dans les branches ascendantes, produisant un flux proportionnel et de signe opposé au gradient de c.

Pour la convection nuageuse, on utilise plutot des schémas en flux de masse, comme ici celui de Tiedtke, dans lequel on sépare la colonne atmosphérique en sous-colonnes pour : ascendance concentrée, descente concentrée (descente précipitantes) et environnement légerment sibisdant. Le schéma calcule des taux d'échange entre les différents compartimants, entrainement et détrainement.

A partir desquels on peut calculer la concentration dans les ascendances et subsidances puis finalement le flux convectif.

Exactement la meme analyse peut etre appliquer à un rétro-traceur, défini comme une quantité conservée en remontant à rebourd dans le temps le long des trajectoires atmospéhriques.

On peut alors aussi décomposer le transport entre composante explicite et composante sous-maille. Pour la turbulence, on voit que la meme diffusion doit etre appliquée dans les mondes direct et rétro. Dans le schéma en flux de masse, il faut faire remonter le traceur par exemple dans l'environnement et descendre dans les ascendances convectives.

Ce mode rétro-transport est obtenu au trvaers d'une transformation très simple;



Summary



Circulation/transport atmospheric/oceanic models :

→ models (set of equations + numerical formulation and coding) which aim at simulating the space time evolution of the system.

→ The very same models are used for weather forecast and climate, but in very different operating modes.

→ 2 parts : explicit resolution down to a given scale (= a few grid cells) / parameterization of sub-grid scale processes.

→ For the explicit part : equation are relatively well established, and questions are more on the numerical and coding aspects.

→ For parameterizations, establishing the equations them selves one main issue of the research.



Climate system models (often called Erth System Models)

→ General circulation models include more and more physical processes : chemistry, aerosol micro physics, evolving vegetation, ...

→ Splitting in sub-systems allows teams to develop and asses independent specific models.

→ The system that couples the sub-systems requires specific development and evaluation.



Practical work :

→ Developing a simplified advection / diffusion model. From scratch. Fortran.



For those who are not familiar with Fortran, please go through

http://www.lmd.jussieu.fr/~hourdin/COURS/FORTRAN/Fortran.pdf















































































































































































































































































































































































































































































































































































































































































































































